Abstract In presented research the silica aerogel nanocomposites with carbon microfibers and nanofibers, as well as carbon microfibers/carbon nanotubes hybrid system were investigated. It was shown, that an important element of tailoring the properties of silica aerogel nanocomposite was the right choice of the type and the length of the carbon material. In case of carbon nanofibers with length of 20 nm, the applied amount of fibers was too low to keep the silica aerogel frame in monolith and resulted in obtaining the nanocomposite in form of granulate. Only longer fibers with length of 700 µm gave the monolith structure of silica aerogel nanocomposite. As a result of hybrid reinforcement, which enables reduction of cracking on micro and nano level, a monolith nanocomposite was received, which had very good structural parameters and low contraction during drying. All the received nanocomposites were characterized by good thermal resistance and all applied carbon materials did not deteriorate the high thermal resistance of silica aerogel.
Introduction
Besides unique properties like low density, developed specific surface, high porosity, low thermal conductivity and transparency, which guarantee them application in many branches of industry [1] [2] [3] [4] , the silica aerogels have also some disadvantages, from which, the most important from the applicable point of view is the brittleness. One of the way of improving this drawback is the reinforcement of silica aerogel frame by short randomly distributed fibers [5] or by usage of fibers mats (http://www.aerogel.com, http:// www.cabotcorp.com). There are many types of fibers and nanofibers witch can be applied to strengthening the silica frame, e.g., ceramic [6] [7] [8] , glass [9] , aramid [10] , polypropylene [11] , polyaniline [12] , cotton [13] , and carbonbased [14] [15] [16] [17] . Relatively little attention has been paid to the silica aerogel nanocomposites with carbon-based materials. Carbon fibers and nanofibers, characterized by good mechanical parameters and relatively low density, are resistant to temperature above 600°C and are biocompatible [18, 19] , which enables their application as components of nanocomposites with silica aerogel not only in the technical industry, but also in biomaterials areas. Moreover, those fibers can be modified in the surface, which enables chemical bonding of surface function groups on the fiber surface with hydroxyl groups present on the surface of the silica aerogel, and results in obtaining a nanocomposite with better structural parameters [16, 17] .
In opposite to the previous works [16, 17] in presented research the influence of higher amounts of carbon microfibers on the structural parameters of silica aerogel-based nanocomposites were tested. Moreover, the influence of carbon nanofibers and for the first time, the hybrid systemcarbon microfibers/carbon nanotubes on the structure and properties of silica aerogel matrix were verified. The physico-chemical characterization of received silica aerogel nanocomposites were carried out by means of Brunauer-Emmett-Teller (BET), termogravimetric (TG), and scanning electron microscopy (SEM) analysys.
Experimental part 2.1 Materials
In presented research the three types of carbon materials were used, namely: pitch-based carbon microfibers (DONACARBO), vapor grown carbon nanofibers VGCFs (ShowaDenco) [20] , and polyhedral carbon nanotubes (ALDRICH). Carbon microfibers with diameter of 13 µm and length of 700 µm are characterized by very good mechanical parameters (tensile strength 750 MPa, elastic modulus 40 GPa), high thermal stability up to 750°C, density of 1.64 g/cm 3 , carbon content over 99% and relatively high degree of structure order. The distance between graphite planes defined in the Bragg equation equals about 0.353 nm. Naturally those fibers are characterized by low degree of specific surface development, around 4 m 2 /g, and high hydrophobicity. Thus, the fibers applied in the aerogel composites, were earlier chemically modified in concentrated nitric acid, in higher temperature in order to oxidize the fiber surface and give it a hydrophilic character, which was described in detail in previous articles and the monograph [16, 17, 21] . Second material used in the research are the carbon nanofibers VGCF received from gas phase of the hydrocarbons. The fibers are 10-20 nm long with diameter of 150 nm and specific structure consisting of inner empty fibril surrounded by graphite layers that are perpendicular to the axis of the fiber. This characteristic fiber structure results in very good mechanical parameters of the fibers, which also have good thermal and electric parameters. Those fibers have the density of 2 g/cm 3 and specific surface of 13 m 2 /g, as well as a much better degree of structure order than fibers from carbon pitch (the distance between the planes is 0.340 nm). Those fibers, before they were applied in aerogel composites, also underwent chemical modification in concentrated nitric acid, in higher temperature in order to oxidize the fiber surface and give it a hydrophilic character. As the third carbon material the polyhedral carbon nanotubes with length equaled 0.5-200 µm, outer diameter 7-15 nm, inner diameter 3-6 nm, density 2.1 g/cm 3 and carbon content over 95% were applied. Carbon nanofibers were received with chemical vapor deposition CVD with the use of catalyst Co-Mo in high temperature process of gas CO disproportionation by pressure of 1-10 at [22] .
Methods
To characterize the physical and chemical properties of the received nanocomposites the following measuring techniques were applied. Surface area and pore volume of aerogel composites were estimated based on adsorption isotherms in low-temperature nitrogen sorption in the temperature of 77 K using the equation of BET isotherm and analyzer ASAP 2010 (Micrometrics). Thermo-gravimetric analysis of aerogels was performed in argon atmosphere by means of NETSCH apparatus, type STA 409C. During measurements the following parameters were used: flow rate of inert gas 10 ml/min, speed of sample heating 5°C/min, and temperature range 30-1000°C. The microstructure of the nanocomposites were investigated by SEM with TESCAN-3VEGA microscope. The thermal conductivity of silica aerogel and its nanocomposites with carbon materials was measured by means of hot disc thermal analyzer LaserComp FOX314. The equipment enables the testing of flat samples with dimensions of 305x305 × 100mm in the range of thermal expansion coefficient between 0.01 and 0.2 W/ (m•K) with the accuracy of 1%, maximum temperature of hot plate equals 75°C, while minimum temperature of cold plate-20°C. The analyzer measures the thermal conductivity which is defines as the amount of heat per unite time and unit area that can be conducted through a plate of unit thickness according to Fourier-Biota correlation q = −λ(dT/dx).
Synthesis of silica aerogel nanocomposites
Silica aerogel was received from TEOS in a two-stage sol-gel synthesis, with the use of NH 4 OH catalyst. In the first stage TEOS was mixed with ethanol, and then 0.1 M solution of hydrochloric acid was added for the initial hydrolysis of the mixture. Next, an NH 4 OH reaction catalyst was added (concentration 1.5 M) so that a quick gelation took place. It is necessary by synthesis of nanocomposite with carbon fibers. The catalyst concentration must be adjusted in such a way, that the gelation time is shorter than the process of the fiber and nanofiber sedimentation in the reaction mixture. It results in good distribution of fibrous materials in the whole volume of the nanocomposite. Carbon microfibers and nanofibers were added to the TEOS solution in ethanol before gelation stage, in the amount of 10 and 15 vol% and mixed in a magnetic stirrer for about 15 min, so that a suspension of fibers was received. Additionally, carbon microfibers and nanotubes in a hybrid system were used. Part of the carbon microfibers was replaced with 30 mg of polyhedral carbon nanotubes. When the good dispersion of carbon materials in the TEOS solution was obtained, the reaction catalyst was added and a quick gelation took place. In the next stage, the received silica gels, with and without carbon materials underwent the process of ageing in ethanol for 7 days, and next their surface was modified in a mixture of TMCS/n-hexane in the volume ratio 1/10 in 50°C for 48 h. In the last stage, the nanocomposites were dried in the air. Figure 1 shows the adsorption/desorption N 2 isotherms of silica aerogel based nanocomposites with carbon microfibers, carbon nanofibers and hybrid system-carbon microfibers/carbon nanotubes. All tested nanocomposites exhibited the typical shape of isotherms corresponds to mesoporous materials. According to classification of porous materials made by de Boer in 1958, the shape of the desorption hysteresis loop indicates the pores structure with both cylindrical capillary pores open at both ends and cylindrical pores closed at one end with a narrow neck at the other, like an "ink-bottle". The average pores diameters for all materials are similar and vary between 9.9 and 11.4 nm. Some differences appear in micropores volume. In case of silica aerogel with carbon nanotubes and nanofibers, due to the higher specific area of those materials in comparison with carbon microfibers, the increase of total micropores volume was observed. This also influenced positively the specific area of silica aerogel with carbon nanotubes and nanofibers. Table 1 presents structural characteristics of the received silica aerogel and nanocomposites with carbon fibers and nanotubes. In case of pure aerogel-after the material was dried-a homogeneous structure was not obtained; during drying the sample cracked and an aerogel granulate was received with density around 0.194 g/cm 3 and specific surface about 640 m 2 /g. Contraction in volume equaled over 65%. In case of formula R6 and R7, reinforced with 15 and 10% of carbon nanofiber, also an aerogel granulate was received, with density similar to that of pure aerogel, respectively, 0.212 and 0.195 g/cm 3 . Research proved that carbon nanofibers applied in the amount of 15 and 10% of volume were too short to obtain a homogeneous structure of nanocomposite, despite the fact that they slightly lowered the contraction of the sample during drying. Such amount of nanofibers resulted also in decreasing the specific surface area of the nanocomposite, which equaled 566.2 and 598 m 2 /g, respectively for R6 and R7 formula. Only application of much longer carbon microfibers resulted in obtaining a homogeneous structure of the silica xerogel. Presented research proved that both, 10 and 15 vol% addition of carbon fibers lowered the density of the aerogel nanocomposite, the density for formulas R2 and R3 equaled respectively 0.156 and 0.164 g/cm 3 . Structural analysis with BET method proved, that carbon microfibers as well as carbon nanofibers did not disturb the characteristic mesoporous structure of the silica aerogel, although the specific surfaces and average diameters of pores of the received nanocomposite were slightly smaller, in comparison with values obtained for pure aerogel granulate. However, a positive feature was the lowering the contraction of samples during drying, which equaled respectively for formulas R2 and R3 48.1 and 47.7%.
Results and discussion
Very interesting results were obtained for application of hybrid reinforcement in formulas R4 and R5, where part of the carbon microfibers was replaced with polyhedral carbon nanotubes. It turned out that such small amounts of nanotubes with very good mechanical parameters resulted in further lowering of the composite density, values gained for R4 and R5 equaled respectively 0.153 and 0.158 g/cm 3 . Presence of such a small amount of nanotubes, characterized by much bigger specific surface than carbon microfibers, caused the specific surface of the nanocomposite to grow, while keeping the same pore layout, the diameters of which equaled around 10.8 nm. Moreover, those nanocomposites were characterized by lower contraction during drying. The best results were gained for formula R5 with 10 vol% content of carbon microfibers and polyhedral carbon nanotubes, where the contraction during drying was below 32%, which was over two times lower than that of pure silica aerogel. The silica aerogel is brittle in nature, it means that such matrix has good resistance to compressive stress, but is fragile to tensile and bending stresses. In case of silica aerogel dried in ambient pressure conditions an additional internal stresses from the spring-back effect occur. It makes the silica aerogel more fragile and easily-cracked. From the other side it is well known that the interfacial bonding between fibers and matrix depends on many factors, from which the most important are: the mechanical interlocking of fibers in matrix and the chemical and physical bonding between the fibers and matrix [23, 24] . Further, the mechanical interlocking depends on the aspect ratio of the fibers (length to diameter factor l/d), the shape and texture of fibers, as well as the amount of fibers per matrix volume. Whereas the adhesion can be enhanced by roughness of fibers and the chemical interaction between fibers surface and matrix. The use of carbon fibers and nanocarbons with very good l/d ratio, which can be easily modified by oxidation seems to be a very good solution. In previous research [17] it was shown that the oxidative treatment of carbon fibers surface resulted in better structural parameters of silica aerogel nanocomposite and lowered its contraction during drying due to the chemical reaction between carboxylic groups localized on the modified fibers and the hydroxyl groups on silica aerogel frame. However, in presented results, it was shown that the surface modification and high amount of nanofibers are insufficient to obtain the silica aerogel nanocomposite in monolith form. The nanofibers, with quite good l/d ratio, are too short to maintain the structure of nanocomposite in monolith and to prevent the microcracking of the silica aerogel. Only both, the longer carbon microfibers which enables reduction of cracking on micro level and the carbon nanotubes preventing nanocracking brought the expected results. A s a result of hybrid reinforcement, the best structural parameters and lowest contraction during drying were achieved. All the received nanocomposites were characterized by good thermal resistance and they did not deteriorate the high thermal resistance of silica aerogel. Figure 2 presents thermogravimetric curves for pure silica granulate and nanocomposites with carbon microfibers, nanofibers and nanotubes. Research proved, that almost all the nanocomposites were characterized by high structure resistance up to temperatures of 350°C, only in case of formula R2 with 15% addition of carbon microfibers a 2% mass deficit was observed in this temperature. This proves that all the nanocomposites were characterized by high hydrophobicity of their structure, and the applied modification in a mixture of TMCS/n-hexane was effective. The slight decrease of mass up to 300°C can be the result of evaporation of water or residual amounts of TMCS-n-hexane from the silica aerogel nanocomposite structure. While the main decrease of mass around 350-400°C in the literature is ascribed to the oxidation of alkyl groups localized on the silica aerogel surface [25, 26] . In case of nanocomposites with carbon materials in the temperature over 700°C a sharp decline of durability was observed, which was related to the lack of thermal resistance of carbon materials over 750°C. For all the nanocomposites a fair dispersion of carbon microfibers and nanofibers in the silica matrix was obtained, which was presented in selected photos of the microstructure taken with the use of scanning electron microscopy (Fig. 3) . It is well seen that the longer carbon microfibers support the formation of silica aerogel matrix much better than carbon nanofibers. The small amount of carbon nanotubes did not influence the silica aerogel synthesis. As can be seen from Fig. 3c , their group locally between microfibers and prevent cracking on nano level.
The higher amounts of nanofibers per volume unit of silica aerogel were also well dispersed in the silica aerogel matrix, but functioned only locally in micro regions bridging the micro cracks in 5 µm length (Fig. 3d) . As consequence the carbon nanofibers disturb the creation of monolith structure of nanocomposite which decomposed to granulate.
The obtained silica aerogel nanocomposite were also characterized by good thermal conductivity. On the Fig. 4 the dependences of thermal expansion coefficient in relation to the temperature for the carbon fibers based silica aerogel and the silica aerogel with the carbon microfibers/nanotubes system in the amount of 10vol.% were presented. It was shown that in the range of temperature from 10 to 40°C the thermal expansion coefficient for both samples equaled about 0.026 − 0.028 ± 0.002 W/(m•K). However, above the temperature of 40°C, the increase of temperature resulted in the increase of thermal expansion coefficient, up to 0.036 ± 0.002 W/(m•K) at 62.5°C. The increasing trend in thermal conductivity with respect to temperature was noticed also by others researchers for fibers-based silica aerogel nanocomposites [27, 28] . This increase is connected with the densification of mesoporous structure of silica aerogel, as well as the increasing thermal radiation of such nanomaterials in higher temperatures.
Conclusions
The presented research showed that an important element of tailoring the properties of silica aerogel nanocomposite was the right choice of the type and the length of the carbon material. In case of carbon nanofibers, such big amounts like 10 and 15 vol% were insufficient to keep the silica aerogel frame in monolith and resulted in obtaining the Fig. 4 Thermal conductivity in relation to the temperature for carbon microfibers and carbon microfibers/carbon nanotubes silica aerogel nanocomposites nanocomposite in form of granulate. Only longer fibers with length of 700 µm gave the monolith structure of silica aerogel nanocomposite. However, the best nanocomposite was obtained when both, the longer carbon microfibers and carbon nanotubes were used as silica aerogel reinforcement. In that case the cracking was reduced on the micro-and nano-level, which resulted in obtaining a monolith nanocomposite with very good structural parameters and much smaller contraction during drying, in comparison with carbon microfibers used separately. Due to thermal conductivity at the level of 0.026-0.028 W/(m•K) at room temperature such material can be applied as isolation material, especially as high temperature isolation. Moreover, the bigger amounts of carbon fibers and nanofibers, and their combination with carbon nanotubes, enable the shaping other properties of this material, e.g., the conductivity. With bigger amounts of carbon fibers and nanofibers in silica aerogel matrix, the percolation threshold is crossed, which makes possible to obtain a material with conductive properties, and potentially increase the application of this nanocomposite e.g., as electrode materials.
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